Studies on operant conditioning of the alpha rhythm performed during the 1960s were the first realizations of so-called EEG biofeedback or neurofeedback (Kamiya, 1962 (Kamiya, , 1968 Hardt, 1967) . These studies showed that subjects are able to enhance the alpha rhythm if they are provided with a feedback tone indicating the amount of EEG alpha power. The alpha rhythm is thought to be associated with cognitive idling and inward turned attention (Ray & Cole, 1985) . Because alpha activity is more pronounced under enhanced relaxation, the first field of application of alpha feedback was a reduction of stress and anxiety (Budzynski & Stoyva, 1972; Hardt & Kamiya, 1978) . However, since excessive expectations (i.e., that alpha feedback could allow persons to reach sublime states of consciousness) turned out to be unrealistic, interest in the phenomenon died away during the 1980s. However, during the past decade alpha feedback underwent a renaissance, which was initiated by replicated reports that alcohol withdrawal is substantially supported by combined alpha-theta feedback training (e.g., Peniston & Kulkosky, 1989; Saxby & Peniston, 1995; Kelley, 1997) .
Although a large number of neurofeedback studies have been published (for an overview, see Evans & Abarbanel, 1999) , to our knowledge there are no systematic investigations exploring the covariation of different EEG measures with simple alpha feedback. However, such information is important to assess the specificity of the biofeedback training and determine the overall effect on the EEG, as viewed from different characteristics. Poorly controlled side effects might partially inhibit the desired training effect, or might support the therapeutic outcome. In the present study, we investigated how a battery of 9 different EEG measures covaried with alpha power in an alpha-feedback experiment. To incorporate stateof-the art EEG methodology, the battery of variables included several spectral measures as well as two nonlinear measures.
Thirteen volunteers (7 male, 6 female, age: 32.9 ± 6.1 years) participated in the study. All subjects were recruited from the general public and reported to be in good health. There was no evidence of drug abuse or more than moderate alcohol, caffeine, or nicotine consumption. None of the participants had a past history or current symptoms of neurological disorders, psychopathology, or any medical condition known to influence EEG. Subjects sat in a comfortable chair with head and arm rests. Electroencephalic activity was recorded with one scalp electrode placed on the skull at the vertex (position Cz, 10-20 system) against an electrode clip positioned at the right earlobe (0.16 Hz highpass, 30 Hz lowpass, 6 dB/octave). Additionally, EEG electrodes were placed at the outer canthi of the left and right eye and above and below the right eye to record horizontal and vertical eye movements. Interelectrode impedances were all below 5 kOhms. The EEG was digitized by a 12 Bit analogdigital-converter with a sampling frequency of f s = 100 Hz for computer controlled alpha biofeedback and further EEG analysis.
For alpha biofeedback, digitized EEG was online Fourier-transformed based on nonoverlapping segments of 0.64 s length. Alpha power in the range between 8 and 12 Hz was quantified from these EEG segments. Feedback was provided by a sine tone with a baseline frequency of 250 Hz, which was produced by a loudspeaker positioned in front of the subjects. Loudness of the feedback tone was adjusted so that subjects felt comfortable. An increase of alpha power during the training trial above average baseline level was transformed into a frequency decrease of the feedback tone. The tone decrease (due to alpha increase) was adjusted to reach down to around 100 Hz through a weighting factor. The feedback tone remained constant, when alpha power during training trials was equal or lower than average power during the preceding baseline trial.
In total four baseline trials (B) of about 1 min duration (96 segments) and 9 training trials (T) of about 2.5 min duration (240 segments) were conducted. The sequence of trials was the following: B1, T1, T2, T3, B2, T4, T5, T6, B3, T7, T8, T9, B4. Subjects were asked to close their eyes, sit still, breath regularly, and relax during the baseline, as well as training trials. Additional instructions were "to let thoughts, feelings, and everything else pass" and "to let themselves sink deeper and deeper into the chair." Pauses between trials had a duration of about 2 min. During pauses subjects were requested to open their eyes and were allowed to chat with the experimenter. For the training trials subjects were required to try to lower the frequency of the feedback tone.
Calculations of EEG measures were performed for each baseline trial and for the last minute (last 96 segments) of each training trial, i.e., epoch lengths on which calculations were based were equal for baseline and training trials. Besides alpha power, 9 different EEG measures were evaluated, including 7 spectral (frequency based) measures plus the nonlinear measures correlation dimension D2 and Lyapunov-exponent L1 (see e.g., Fell et al., 1996) . The calculation of all spectral measures was based on FFTs using cosine windowing in the time domain (window length = 5.12 s). Spectral power was determined for the following frequency bands: DELTA: 1-4 Hz, THETA: 4-8 Hz, ALPHA: 8-12 Hz, BETA1: 12-16 Hz, BETA2: 16-20 Hz, BETA3: 20-28 Hz. Spectral edge (EDGE) was defined as the frequency up to which 90% of the total power was accumulated. The normalized spectral entropy, as suggested by Inouye and coworkers (1991) , quantifies the degree of disorder incorporated in the spectral power distribution and was evaluated from the relative power values S(ω): SEN = -∑S(ω) * log S(ω)/log (number of discrete frequencies) within the alpha band (SEN-alpha).
Measures derived from nonlinear system theory are based on the extraction of phase space features from a time series (for a general introduction, see Abarbanel et al., 1993; Grassberger et al., 1991) . For the reconstruction of phase space dynamics, i.e., a multidimensional representation of system states, we applied the time-delay procedure (Takers, 1981) . Each EEG segment was embedded into a 20-dimensional (correlation dimension D2), respectively, 10-dimensional (Lyapunov-exponent L1) phase space. We used the first zero crossing of the autocorrelation function as time increment τ of the reconstruction. The correlation dimension D2, which is an estimator of the degrees of freedom and in that sense of the complexity of a system, was evaluated from the computation of correlation sums (Grassberger & Procaccia, 1983) by applying a Theiler correction of +/-the time increment τ (Theiler, 1986) . The largest Lyapunovexponent L1 quantifies the sensitive dependence on initial conditions, or in other words the chaoticity of a system. L1 was estimated with a modified version of the Wolf algorithm (Wolf et al., 1985) . We implemented an improved replacement procedure (Frank et al. 1990) , and a randomized choice of propagation steps (Fell et al., 1994) .
The average values of alpha power across subjects during baseline and training trials are shown in Figure 1 (above, left) . Compared to baseline trials, alpha power decreased slightly during the following three training trials. This decrease can be attributed to the given task and the additional auditory input provided by the feedback tone. As expected and intended, an increase of alpha power was observable across baseline trials, as well as training blocks during the experiment (one-tailed paired t-tests: B4 compared to B1: T 12 = 2.05, p < .05; last training block compared to first training block: T 12 = 2.05, p < .05). To check whether the alpha increase was the consequence of training, and not just a time effect, feedback modulation was switched off in one additional control subject so that the feedback tone remained unchanged during the training trials. In this subject, alpha power seemed to vary randomly and no reliable alpha enhancement was observed during the course of the experiment (Figure 2) .
For each regular subject, Pearson's correlation coefficients between alpha power and the other EEG measures were evaluated across all trials (training and baseline trials). Significant group deviations from zero were accessed with two-tailed t-tests performed on Fisher-z-transformed correlation coefficients. The measures that were significantly correlated with alpha power during biofeedback training were the spectral entropy in the alpha band (SEN-alpha), spectral edge frequency (EDGE), and the largest Lyapunov-exponent (L1) (see Table 1 ). Average values of SEN-alpha, spectral edge frequency, and largest Lyapunov-exponent during the biofeedback training are besides alpha power plotted in Figure 1 .
The sign of the highly significant correlation of spectral entropy FIGURE 1 Mean values and s.e.m. of four EEG measures during the biofeedback experiment: alpha power, spectral entropy (SEN) in the alpha range, spectral edge frequency (EDGE), and largest Lyapunov-exponent (L1). B1 to B4 denote baseline trials, T1 to T9 denote training trials.
with alpha power was negative (r = -.56, p = .0004). This means an increase of alpha power, was accompanied by a sharpening of the frequency distribution. Interestingly, the largest reduction of SEN-alpha occurred during the first and second training blocks (one-tailed paired t-Tests: B2 vs. B1: T 12 = 1.56, p = .07, B3 vs. B1: T 12 = 2.06, p < .05), whereas the largest increase of alpha power FIGURE 2. The amount of alpha power during the experiment in a control subject, for which modulation of the feedback tone had been switched off. Note. Averages over all subjects, standard errors of the mean (s.e.m.), and p-values for significant deviations from zero are given. Statistical measures were calculated in the Fisher-z-transformed domain and average and s.e.m. were afterward backtransformed.
happened during the last training block (see Figure 1) . Thus, the sharpening of the alpha-peak seemed to be a result of alpha-biofeedback that preceded the actual increase of alpha power. The correlation between alpha power and spectral edge frequency was negative as well (r = -.35, p = .033). The enhancement of alpha power was reflected by a reduction of the spectral edge, i.e., a shift of the power spectrum toward lower frequencies. The correlation of alpha power with the largest Lyapunov-exponent had a positive sign (r = .28, p = .011). Hence, increased alpha power during biofeedback training seem to be associated with larger chaoticity of the EEG as quantified by L1. When correlation coefficients were calculated only for the training trials, significant correlations between alpha power and SEN-alpha (r = -.51, p = .017), as well as L1 (r = .28, p = .049), and a trend for the correlation between alpha power and spectral edge (r = -.33, p = .103) persisted. Figure 3 shows the power spectra during the baseline trials for one of the subjects, which responded markedly to the alpha biofeedback training. This subject exhibited an exceptionally low frequent alpha peak centered around 8 Hz. During baseline trials 2, 3, and 4, a sharpening of this alpha-peak, as well as an enhancement of alpha power was recognized. Moreover, an increase of the first harmonic in the beta range around 16.5 Hz was observable for this subject. The amplification of the first harmonic is reflected by a highly significant correlation between alpha and beta2 power in this subject (r = .85, p < .001). Similarly pronounced effects in the above-alpha frequency range were not found for the other subjects, possibly because their response to the biofeedback training was smaller.
To summarize, in the present study the covariation of different EEG measures with alpha power during simple auditory biofeedback training was analyzed. Due to the auditory feedback tone and the concentration on the given task, alpha power initially decreased during training blocks compared to the preceding baseline trials. Nevertheless, biofeedback training obviously led to an increase of alpha power not only during training blocks, but also during consecutive baseline trials. The training appears to have been specific in the sense that an enhancement of alpha power was observed from the first to the last training block, as well as baseline trial, and no significant correlations of the other frequency bands with alpha power were detectable on the group level. However, the subject with the largest training response showed a clear enlargement of the first harmonic in the beta2 range during the course of the experiment. The increase of alpha power during biofeedback training was significantly correlated with an increase in chaoticity as quantified by the largest Lyapunov exponent. Thus, the change of EEG characteristics due to alpha power enhancement seems to implicate an increased dynamical instability of the EEG (e.g., Grassberger et al., 1991) . One might speculate that EEG chaoticity will return to the former levels when an amplification of alpha power has been permanently established. Finally, we observed a highly significant correlation between alpha power and spectral entropy within the alpha range during biofeedback training. That means that the increase of alpha power was accompanied by a sharpening of the alpha peak (Inouye et al., 1991) . It is important to note that this sharpening effect was most pronounced during the first two training blocks, whereas the alpha amplification was strongest in the last training block. Thus, the sharpening effect within the alpha band seems to precede the amplification effect. This finding might be exploited in future alpha biofeedback settings. Before applying regular alpha power feedback, spectral alpha entropy might be used as feedback measure to build up and sharpen the alpha peak.
